Two new steroid glycosides, linckosides L1 (1) and L2 (2), were isolated, along with the previously known echinasteroside C (3) from the ethanolic extract of the Vietnamese blue starfish, Linckia laevigata. The structures of the new compounds were elucidated by spectroscopic methods (mainly 2D NMR) and chemical transformations. Lifetime observations and analyses of silver impregnated preparations on the culture of neuroblastoma C-1300 cells showed that glycosides 1, 2, and 3 are capable of inducing neuronal differentiation similar to that of neurotrophins and of enhancing substantially the neuritogenic activity of NGF.
Steroid glycosides are the predominant secondary metabolites of starfish. These compounds have drawn attention not only by their peculiar chemical structures, but also due to their wide spectrum of biological effects, including embryotoxic, hemolytic, antiviral, antifungal, antiinflammatory, and hypotensive activities [1, 2] . Recently, the steroid glycosides, linckosides A-K, from the Okinawan blue starfish Linckia laevigata have been reported as neuritogenic compounds. These compounds showed remarkable NGF-like neuritogenic activity against rat pheochromocytoma PC12 cells [3] . Neurotrophic factors (NTFs), such as nerve growth factor (NGF), are essential for modulation of neuronal survival, promotion and maintenance of neurite networks, upregulation of neural function and modulation of synaptic plasticity. NTFs have potential as remedial drugs against brain ischemia and different neurodegenerative diseases. However, the large sizes of their molecules produce considerable difficulties in passing through the blood-brain barrier. Therefore, neurotrophin small molecule mimetics might be interesting as candidate therapeutic agents against neurological disorders. In a continuation of a search for new neuritogenic steroid glycosides from starfish [3, 4] , we have examined the ethanolic extract of the Vietnamese blue starfish, L. laevigata (order Valvatida, family Ophiodiasteridae) collected at Van Phong Bay in the South China Sea.
The water-soluble material from the EtOH extract of L. laevigata was sequentially subjected to column chromatography on Polychrom 1, Si gel and Florisil. The final separation of the steroidal fractions and isolation of individual compounds were achieved by reversed-phase HPLC on a semi-preparative Diasfer-110-C18 column to give two new steroid glycosides, named linckosides L1 (1) and L2 (2), along with the previously known compound 3 ( Figure 1 ). The structures of the new compounds were mainly elucidated by 1 H-1 H COSY 90, HSQC, HMBC, NOESY, and DEPT experiments. Both glycosides 1 and 2 have a 2-O-methyl-β-D-xylopyranosyl unit at C-3 of the polyhydroxysteroidal aglycon and differ from each other only in the structure of the steroidal nucleus. The known compound 3 was identified, by comparison of its spectral data with that in the literature, as echinasteroside C, first reported in Echinaster brasiliensis [5] .
The HR (+)-ESI-MS spectrum of linckoside L1 (1) Table 1 ). The analysis of the NMR spectral data of 1 revealed that linckoside L1 was closely related to granulatoside A (6) [6] , containing the same 3β,4β,6β,8,15α,24-hexahydroxy cholestane aglycon bearing a 2-O-methyl-β-xylopyranosyl residue at C-3. However, 1 lacks an α-arabinofuranosyl unit at C-24. Acid hydrolysis of 1 gave 2-O-methyl-Dxylose (TLC, GC and optical rotation). The attachment of a monosaccharide unit to C-3 was confirmed by the long-range correlations of H-1′/C-3 in the HMBC spectrum and H-3/H-1′ in the NOESY spectrum. Comparison of the NMR spectra of 1 with the corresponding data for related glycosides from the starfish Asterias forbesi and Fromia monilis suggested that 1 possesses the 24-hydroxy cholestane side chain [7, 8] [6] , and suggested the presence of a rare 3β,6β,15α-trihydroxy steroidal nucleus. All proton and carbon resonances were assigned using 1 H-1 H COSY 90, HSQC, and HMBC experiments ( Table 1) . The stereochemistry at C-24 was expected as S by analogy with the co-occurring compound 1 and based on the comparison of their NMR spectra. As a result, the structure of the new linckoside L2 (2) was suggested to be (
Biological activities of linckosides L1 (1), L2 (2) and echinasteroside C (3) were tested on mouse neuroblastoma (NB) C-1300 cells, which were earlier used in the studies on the neurite outgrowth phase of neuronal differentiation [9] . The lifetime observation of these cells showed that these compounds, at a dose of 5 μM, increased the percentage of differentiation (percentage of cells bearing neurites longer than two cell diameters or bearing more than two processes) after 4 days incubation to the same extent as NGF at a concentration 10 ng/mL, after the same period of exposure. In experiments with silver impregnation of the preparations, similar enhancement of differentiation was observed at concentrations of the tested compounds of 7.5 μM. Compounds 1, 2, and 3 increased neurite outgrowth, length of primary neurite, and number of neurites per cell (Figure 2 ). Echinasteroside C (7) seems to be the most effective in inducing neuronal differentiation of C-1300 cells, beside compounds 1 and 2.
To analyze the ability of linckosides to enhance NGF effects on neurite outgrowth of NB C-1300 cells, these cells were cultured with low concentrations of NGF (2 ng/mL) and compounds 1, 2 and 3 (0.3 µM) ( Figure 3 ). This simultaneous treatment with NGF and 1, 2, and 3 increased neuronal differentiation up to 55%, 49% and 54% (about 30% in control), respectively. Therefore, these glycosides, as well as those from the same species studied earlier on PC12 cells [3] , exhibited notable synergistic effects on the NGF-induced neurite outgrowth of NB C-1300 cells.
Recently, we have received additional data on neuritogenic properties of some other glycosides and free polyhydroxysteroids from different species of starfish [4] . It may be assumed that both the NGFlike neuritogenic activity and capability to enhance the activity of NGF are common properties of starfish polyhydroxysteroids and their glycosides, although the level of this effect depends upon peculiarities of their structures.
Experimental
General: Optical rotations were determined on a Perkin-Elmer polarimeter Model 343. The 1 H and 13 C NMR spectra were recorded on a Bruker DRX 500 spectrometer at 500 and 125.8 MHz, respectively, using tetramethylsilane as the internal standard. HR ESI-MS spectra were recorded on a Micromass Q-TOF MICRO spectrometer coupled with a HPLC Waters Alliance 2695, equipped with a photodiode Waters 2996 and a Rheodyne 7725i injector. The electrospray ionization method was employed and the instrument was calibrated for high resolution measurements by using a PEG mixture from 200 to 1000 MW (resolution specification 5000 FWHM, deviation <5 ppm RMS in the presence of a known lock mass).
HPLC separations were carried out on an Agilent 1100 Series chromatograph equipped with a differential refractometer. Diasfer-110-C18 (10 μm, 250 × 15 mm) column was used. Low pressure column liquid chromatography was performed using Polychrom 1 (powdered Teflon, Biolar, Latvia), Si gel KSK (50÷160 μm, Sorbpolimer, Krasnodar, Russia) and Florisil (200 ÷ 300 mesh, Aldrich Chemical Co.). Sorbfil Si gel plates (4.5 × 6.0 cm, 5÷17 μm, Sorbpolimer, Krasnodar, Russia) were used for thin-layer chromatography. 
Extraction and isolation:
The fresh animals (3.6 kg) were chopped and extracted twice with EtOH at 20°C. The water-ethanol layer was evaporated, and the residue dissolved in H 2 O (1 L). The H 2 O-soluble fraction was passed through a Polychrom 1 column (8 × 62 cm) and eluted with distilled H 2 O until a negative chloride ion reaction was obtained, followed by elution with 50% EtOH. The combined 50% EtOH eluate was evaporated to give a brownish material (5.5 g). The resulting total fraction of steroidal compounds was chromatographed on a Si gel column (4 × 18 cm) using CHCl 3 /EtOH (stepwise gradient, 4:1 → 1:6) and the obtained fractions were purified on a Florisil column (2.5 × 15 cm) using CHCl 3 /EtOH (stepwise gradient, 4:1 → 1:2). HPLC separation of the collected subfractions on a Diasfer-110-C18 column (10 μm, 250 × 15 mm, 2.5 mL/min), with EtOH/H 2 O (65:35) as the eluent system, yielded pure 1 (44 mg), 2 (2.4 mg), and 3 (5.5 mg). Bioassay methods: NB C-1300 cells were grown in DMEM: IMEM (3:1) with 5% FBS, 50 U/mL penicillin, and 50 μg/mL streptomycin in a 37 o C incubator containing 5% CO 2 /95% humidified air. Cells were passaged every 2-3 days.
In experiments on initiation of neuronal differentiation, cells were seeded in 24-well plastic plates (5000 cells/mL). After overnight incubation, the medium was changed for that containing 2% FBS, and steroid glycosides were added in the different concentrations. As DMSO was used to prepare stock solutions of steroids, an equal amount of DMSO was added to the control culture (the final DMSO concentration was no more than 1%). During the next 4 days a percentage of the cells, bearing processes at least 2 × the cell body diameter or bearing more than two processes, were evaluated in cultures treated with NGF (10 ng/mL), various concentrations of steroid glycosides and in control cultures using a Biolam inverted microscope at 300 × magnification. A total of >200 cells were examined in more then 4 randomly chosen fields in each of 4 wells for each treatment.
In experiments with silver impregnation, cells were seeded on 6-well plastic plates with glass cover-slips placed over each well (10000 cells/mL). Cells were cultured overnight in a standard medium, and then the medium was replaced with one containing 2% FBS; the steroid glycosides, at a concentration of 7.5 μM, were then added. After a four-day incubation period, cultures on cover-slips were fixed with bromphormol at room temperature for 24 hrs, and silver impregnated according to the routine procedure. Cell differentiation in cultures was evaluated using microphotographs according to 3 parameters: % of cells bearing neurites, number of neurites per cell, and length of primary neurite. In the last case, measured segments were summed and converted to μm by an appropriate conversion factor. A total of > 100 cells were examined in 10 randomly chosen fields in 4 slides for each treatment. The data analysis and statistics were performed using Image Tool and Origin PRO 7.5.
